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ABSTRACT
It is not yet fully understood how magnetohydrodynamic waves in the interior and atmosphere of the Sun are excited. Traditionally,
turbulent convection in the interior is considered to be the source of wave excitation in the quiet Sun. Over the last few decades,
acoustic events observed in the intergranular lanes in the photosphere have emerged as a strong candidate for a wave excitation
source. Here we report our observations of wave excitation by a new type of event: rapidly changing granules. Our observations were
carried out with the Fast Imaging Solar Spectrograph in the Hα and Ca ii 8542 Å lines and the TiO 7057 Å broadband filter imager
of the 1.6 m Goode Solar Telescope at the Big Bear Solar Observatory. We identify granules in the internetwork region that undergo
rapid dynamic changes such as collapse (event 1), fragmentation (event 2), or submergence (event 3). In the photospheric images,
these granules become significantly darker than neighboring granules. Following the granules’ rapid changes, transient oscillations
are detected in the photospheric and chromospheric layers. In the case of event 1, the dominant period of the oscillations is close
to 4.2 min in the photosphere and 3.8 min in the chromosphere. Moreover, in the Ca ii–0.5 Å raster image, we observe repetitive
brightenings in the location of the rapidly changing granules that are considered the manifestation of shock waves. Based on our
results, we suggest that dynamic changes of granules can generate upward-propagating acoustic waves in the quiet Sun that ultimately
develop into shocks.
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1. Introduction
A wide range of observations have revealed that oscillations and
waves are abundant in the solar atmosphere. They are clearly
observed in the umbral and penumbral regions of sunspots (e.g.,
Beckers & Schultz 1972) and the network and internetwork re-
gions of the quiet Sun (e.g., Orrall 1966; Deubner & Fleck 1990).
It is not yet known how waves are generated in the solar atmo-
sphere. Theoretical studies suggest that solar acoustic waves can
be produced by impulsive disturbances in a gravitationally strat-
ified medium (Kalkofen et al. 1994; Chae & Goode 2015). Chae
& Goode (2015) report that when a region is disturbed by an im-
pulsive event, acoustic waves with an acoustic cutoff frequency
naturally arise in a medium. In terms of global p-mode oscil-
lations, it is now generally accepted that p-modes are excited
by turbulent convection (Goldreich & Kumar 1990). Nigam &
Kosovichev (1999) found that a wave excitation source is lo-
cated at a depth of 75±25 km below the photosphere by compar-
ing theoretical and observed p-mode power spectra. Since tur-
bulent convection occurs ubiquitously, the observed oscillations
show the superposition of oscillation signals coming from dif-
ferent sources. In this regard, investigating an individual wave
excitation event that is well-separated in time and space could
facilitate the establishment of the wave excitation process.
The wave excitation process appears to be related to
localized disturbances below the photosphere. Using one-
dimensional simulations, Goode et al. (1992) showed that acous-
tic waves are excited by individual wave excitation events oc-
curring less than 200 km below the base of the photosphere.
Rimmele et al. (1995) found a spatially localized transient wave
Send offprint requests to: jcchae@snu.ac.kr
energy flux that arises due to the excitation of waves beneath
the photosphere. These phenomena are termed acoustic events
and they are generally found in the intergranular lanes (Rim-
mele et al. 1995; Bello González et al. 2010). On a much larger
scale, they are found in intergranular lanes located in or near the
boundaries of regions with predominant downward vertical mo-
tions and horizontal converging flows on a mesogranular scale
(Malherbe et al. 2015). Before the acoustic events occur, dark-
ening of intergranular lanes is observed at the photospheric level,
and the darkening is interpreted as catastrophic cooling that oc-
curs in the intergranular lanes below the photosphere (Rimmele
et al. 1995). Similarly, theoretical studies suggest that localized
cooling events and subsequent downflows could be related to a
wave excitation process (Rast 1999; Skartlien et al. 2000).
Furthermore, the waves generated beneath the photosphere
propagate upward and affect the upper atmosphere. In the inter-
network region, small intermittent brightenings have been ob-
served in Ca ii H and K filtergrams and time series of spectra
(e.g., Bappu & Sivaraman 1971; Zirin 1974; Cram & Dame
1983). These brightenings are called Ca ii bright grains or in-
ternetwork grains, and several studies have suggested that they
are closely related to wave phenomena due to their recurrent
behavior (for a review, see Rutten & Uitenbroek 1991). Based
on one-dimensional non-local thermodynamic equilibrium (non-
LTE) radiation-hydrodynamic simulations, Carlsson & Stein
(1997) asserted that the bright grains are produced by waves
coming from below the photosphere that subsequently develop
into acoustic shocks in the mid-chromosphere (∼1 Mm above
τ500 = 1). Several observational studies have shown that most
of the chromospheric bright grains coincide with photospheric
oscillations and even photospheric darkening events. Hoekzema
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et al. (2002) reported that sites with the largest acoustic flux (i.e.,
acoustic events) in the photosphere tend to colocate with chro-
mospheric bright grains with an average time delay of 2 min.
Similarly, Cadavid et al. (2003) investigated 1527 G-band dark-
ening events and found that 72 % of the photospheric darken-
ings are followed by Ca ii K brightenings with time lags of about
2 min. Using time series of Ca ii H, Hα, and Fe i spectra, Kamio
& Kurokawa (2006) established that the Ca ii H bright grains are
caused by acoustic shocks in the chromosphere that are associ-
ated with enhanced 5 mHz oscillations in the photosphere.
Recently, space-based observations that do not suffer from
the atmospheric seeing and cover a large field of view (FOV)
permitted the simultaneous identification of numerous acoustic
events. Using high-resolution data taken with the Solar Optical
Telescope (SOT) on board the Hinode satellite, Malherbe et al.
(2012) studied the properties of acoustic events such as acoustic
flux, velocity amplitude, continuum intensity, and divergence.
They also found that most acoustic events appear in the inter-
granular lanes in regions with downward velocities and converg-
ing motions. Even though general properties of acoustic events
are well known from the analysis of large FOV high-resolution
data, the wave excitation process of individual acoustic events
has not yet been investigated in detail.
In this paper, we report the excitation of waves by a new
type of event: granules that undergo rapid dynamic changes.
These events differ from classic acoustic events. The new acous-
tic events studied here are caused by granules that experience
dynamic changes rather than by events occurring in intergranu-
lar lanes. These granules either collapse, fragment, or submerge
in the photospheric layer. To understand the wave excitation and
propagation, we investigated the temporal behavior of the gran-
ules as well as the Doppler velocities in the photospheric and
chromospheric layers. We used high-spatial and high-spectral
resolution data obtained by the Fast Imaging Solar Spectrograph
(FISS; Chae et al. 2013) and high-resolution photospheric data
taken with the TiO 7057 Å broadband filter imager (Cao et al.
2010) installed on the 1.6 m Goode Solar Telescope (GST) of
the Big Bear Solar Observatory. Our analysis shows a one-to-
one correlation between dynamically changing granules and the
excitation of acoustic waves.
2. Observations and data analysis
The observations were taken on June 14, 2017, in a quiet Sun re-
gion with the FISS and the TiO 7057 Å broadband filter imager.
The FISS is a dual-band Echelle spectrograph that takes simul-
taneous Hα and Ca ii 8542 Å spectrograms with imaging capa-
bility. The spatial pixel size is 0′′.16, and the spectral pixel size is
0.019 Å in the Hα band and 0.026 Å in the Ca ii band. The FOV,
with a size of 24′′ × 40′′, is centered at the solar heliographic
coordinates X = −140′′ and Y = −70′′. It was scanned with a ca-
dence of 27 s for one hour, from 17:52:03 to 18:52:13 UT (here-
after the time 17:52:03 UT is referred to as t = 0). Detailed in-
formation about the instrument and the basic data processing, in-
cluding the flat-field correction, distortion correction, and noise
suppression, is given in Chae et al. (2013).
We acquired photospheric images using the TiO 7057 Å
broadband filter imager at 15 s cadence and an exposure time
of 0.7 ms. The speckle reconstruction was done with the
Kiepenheuer-Institut Speckle Interferometry Package (Wöger
et al. 2008) to achieve diffraction-limited images. The spatial
pixel size is 0′′.034 and the FOV is 70′′ × 70′′. Figure 1 shows the
TiO image taken at 18:03:56 UT (t = 11.9 min). The observed
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Fig. 1. Photospheric TiO 7057 Å broadband filter image of a quiet Sun
region taken at 18:03:56 UT (t = 11.9 min). The dashed yellow line rect-
angle represents the FOV of the FISS. The small yellow square indicates
one of our regions of interest, and the size of the square is 10′′×10′′.
The locations of each event are marked with purple cross symbols and
annotated as E1, E2, and E3. The contours represent the line of sight
(LOS) magnetogram obtained from the Near-Infrared Imaging Spectro-
polarimeter (NIRIS) installed on the GST. The blue and red contours
represent LOS magnetic field strengths of −100 G and 100 G, respec-
tively.
region includes an internetwork region and some magnetic ele-
ments that are considered to be part of the network region. The
TiO and the FISS data were aligned using the TiO and the FISS
Hα–4 Å raster images.
We obtained the line-of-sight Doppler velocities using the
lambdameter method (Deubner et al. 1996). We set ∆λ and deter-
mined the λm that satisfies the equation I(λm−∆λ) = I(λm +∆λ).
Since the Hα and Ca ii 8542 Å bands also include photospheric
lines such as Ti ii 6560 Å and Si i 8536 Å, we could also measure
the photospheric velocities. In this study, the Ti ii 6560 Å and
Hα lines were used to infer the photospheric and chromospheric
velocities, respectively. In addition, we only obtained velocity
signals with periods from 1 to 6 min by applying a bandpass fil-
tering method based on the wavelet analysis given by Torrence
& Compo (1998), which eliminates the solar granulation pattern
corresponding to an approximately 10 min period and noise. The
bandpass filter we applied is found to be broad enough not to lose
any of the acoustic events’ power.
In a wavelet analysis, it is important to use an appropri-
ate background noise model for detecting significant oscillatory
power. To evaluate the background noise model from the FISS
data, we took a 16′′ × 32′′ area of the central region from the
Hα and Ti ii data and obtained spatially averaged Fourier power
spectra, which are regarded as the background noise model σ(ν).
The Fourier power spectra were modeled using the following
combination of a power law function and a Gaussian function:
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σ(ν) = Aνs + B exp
− (ν − ν0)2
σ2G
 . (1)
The model has five parameters for each line. The inferred pa-
rameters are A = 0.02, s = −0.79, B = 7.1, ν0 = 4.3 × 10−3 Hz,
andσG = 3.9 × 10−3 Hz for Hα, and A = 2.1 × 10−5, s =
−1.5, B = 0.66, ν0 = 3.6 × 10−3 Hz, and σG = 9.0 × 10−4 Hz
for Ti ii. The results of the noise model fitting are given in Ap-
pendix C. We then calculated the 95 % local confidence level
following Auchère et al. (2016) and Kayshap et al. (2020). We
note that the noise model considered here is not for measure-
ment errors, but for the background signals commonly seen in
the data. The Gaussian component in this noise model represents
the 5 min p-mode oscillations. Therefore, the events above a sig-
nificance level are those that have much stronger power than the
p-modes.
The wave energy flux is calculated within the 3 min band
(2 to 4 min) at each spatial pixel by following the method and
assumptions given in Chae et al. (2017). We assumed that the
acoustic waves propagate vertically in a gravitationally stratified
medium (from the photosphere to chromosphere) and that the
medium is isothermal. Since waves, in reality, may propagate in
the non-vertical directions as well, only some part of the total en-
ergy may be carried vertically, and the energy flux in the chromo-
sphere may be smaller than that in the photosphere. Therefore,
we estimated the wave energy flux in the photospheric level. The
photospheric wave energy flux is given by the expression
Fw = U1vg = ρ1Pν,1
c2s
vp
= ρ1Pν,1
cs,1cs,2
vp
, (2)
where U is the wave energy density, vg is the group velocity, ρ is
the mass density, Pν is the 3 min band oscillation power, cs is the
sound speed, and vp is the phase velocity. The photospheric and
chromospheric parameters are denoted by 1 and 2, respectively.
We determined the group velocity vg from the phase velocity
vp using the relationship of vgvp = c2s , which is applicable to
acoustic waves. The phase velocity vp can be expressed as
vp =
ω
k
= ω
∆z
∆Φ
, (3)
where ω is the frequency, k is the wavenumber, ∆Φ is the phase
difference, and ∆z is the height difference. The value of ∆Φ is
acquired from the wavelet analysis by computing the phase dif-
ference between the velocity time series of the Ti ii and Hα lines.
The height difference ∆z is determined from the formation height
of the Ti ii and Hα lines. To infer the formation height of the Ti ii
line, we assumed that the Ti ii line and continuum are formed
under local thermodynamic equilibrium (LTE) conditions. Thus,
the intensity ratio between the Ti ii line core and the continuum
can be substituted for their temperature ratio. The continuum is
formed at 0 km, and the temperature value of 6520 K is adopted
from the FALC model (Fontenla et al. 1993). From the intensity
ratio between the Ti ii line core and the continuum, we deter-
mined the formation height of the Ti ii line as 75 km, where the
temperature is 5580 K. We assumed the formation height of the
Hα line core to be 1.5 Mm (Vernazza et al. 1981; Leenaarts et al.
2012). For the mass density and sound speed, we also used val-
ues from the FALC model at the specific heights.
3. Results
We identified wave excitation events related to granules under-
going dynamic changes. These granules collapse, fragment, or
submerge. Subsequently, velocity oscillations are detected in the
photospheric and chromospheric layers. In Fig. 1, we show the
locations of three of them (hereafter event 1, event 2, and event 3)
that were investigated in detail. Event 1 is associated with a col-
lapsing granule, event 2 with a fragmenting one, and event 3 with
a submerging one.
3.1. Dynamically changing granules
Event 1 represents a case of a granule that became considerably
dark with an edge collapsing within 5 min. Initially (t = 6.1 min),
in the center of the TiO image, the brightness of the granule was
similar to that of the surrounding region, but after 2.5 min the
entire granule began to darken (see Fig. 2 and the associated an-
imation (Fig. A.1)). The granule reached its minimum intensity
at t = 13.6 min; the intensity was particularly low at the east
edge (yellow arrow in Fig. 2). After the collapse, the size of the
granule slightly decreased. After t = 13.6 min, the granule pro-
gressively became brighter and at t = 16.2 min returned to its
initial brightness. The same granule is also seen in the Hα–4 Å
images, but, due to the limitation of the spatial resolution, the de-
tailed dynamic changes of the granule cannot be followed. The
dynamic changes are just seen as a darkening. Likewise, these
darkenings are identified in the Hα–4 Å images of events 2 and
3 (lower panels of Figs. 3 and 4).
Figure 3 shows the time series of event 2, which represents
an expanding granule that later splits into two granules. The
brightness of the expanding granule is lower than the neighbor-
ing granules. At t = 3.1 min, the center of the granule became
darker (yellow arrow in Fig. 3), while the granule kept expand-
ing with time. At the location where the darkening occurred, the
granule split into two individual granules (t = 6.1 min).
In the time series of event 3 (Fig. 4), we find two sub-
merging granules (yellow arrows in Fig. 4). Before the submer-
gence (t = 20.6 min), these two granules were located (cyan
arrows) between the continuously expanding granules (see the
time series of TiO images). The two granules shrank with time,
whereas surrounding granules kept expanding. Eventually, at
t = 30.7 min, the small granules submerged and the sites re-
mained as typical intergranular lanes.
3.2. Wave excitation
Shortly after the dynamic changes of each granule, oscillations
are clearly identified in the photosphere and chromosphere. Fig-
ure 5 shows the time series of the photospheric images and
the Doppler maps of event 1. When the darkening becomes in-
tense (t = 13.6 min), the oscillation pattern begins in the Ti ii
Doppler maps. A downward velocity patch (red-colored) appears
abruptly above the darkening granule and is immediately fol-
lowed by an upward velocity patch (blue-colored). For a while,
downward and upward velocity patches appear in turns. The os-
cillation pattern lasts approximately 10 min. The spatial size of
the oscillation pattern is approximately 3′′.5, which is slightly
bigger than the size of the granule. A similar oscillation pattern
with enhanced amplitude is identified in the Hα Doppler maps,
but the shape of the oscillation patch is slightly different com-
pared to that in the Ti ii Doppler maps. This discrepancy is not
surprising because the photosphere and the chromosphere are
not necessarily connected by vertical magnetic fields. The mag-
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Fig. 2. Temporal evolutions of the granule of event 1 in the TiO images (upper panel) and the Hα–4 Å raster images (lower panel). The contours
on the Hα–4 Å raster images represent the granules obtained from the TiO images. The yellow arrow indicates the position where the dynamic
changes of the granule occurred.
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Fig. 3. Same as Fig. 2, but for event 2.
netic configuration is usually complex in quiet regions, and the
chromosphere is often permeated by highly inclined magnetic
field lines.
Likewise, in events 2 and 3, photospheric and chromospheric
oscillations are detected above the fragmenting (Fig. 6) and sub-
merging (Fig. 7) granules. In the Ti ii Doppler maps, the loca-
tions of the velocity patches coincide exactly with those of the
changing granules. However, the shapes of the velocity patches
are less obvious compared to event 1, probably because of the
non-vertical magnetic configuration as described above. Also,
the amplitudes of the oscillations are smaller. Therefore, it is dif-
ficult to distinguish the oscillation pattern from the surrounding
velocity patterns that are not related to the dynamically chang-
ing granules. In the Hα Doppler maps, the oscillation pattern is
hard to notice. Thus, event 1 shows the best isolated oscillation
pattern in both the photospheric and the chromospheric Doppler
maps. We chose this event for further analysis.
Figure 8 presents the temporal variations of the intensity and
the velocities of event 1. The TiO intensity and the vertical veloc-
ities of the Ti ii and Hα lines are obtained from a selected posi-
tion in Fig. 5. The position is chosen because it is the location at
the dark edge of the granule that has the highest photospheric ve-
locity. As mentioned above, the intensity of the granule is close
to the spatially averaged value of the intensity at the start of the
event. A few minutes later, it starts to gradually decrease in time.
The intensity reaches its minimum value at t = 13.6 min. For
13.6 min, the intensity decreases by about 12 %. Then, the in-
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Fig. 4. Same as Fig. 2, but for event 3. The cyan arrows indicate the initial positions of the submerging granules.
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Fig. 5. Time series of the TiO images (first row), Hα–4 Å raster images (second row), and vertical velocity maps of the Ti ii (third row) and Hα
(fourth row). The contours on the Hα–4 Å raster images and the vertical velocity maps indicate the granules obtained from the TiO images. A
purple cross symbol in the first TiO image (t = 13.6 min) marks the selected position that was further analyzed and is shown in Figs. 8 and 9.
tensity rapidly increases to a value even higher than the initial
value.
The velocity oscillations are identified in the time series of
1–6 min bandpass-filtered velocities. In the Ti ii line, just be-
fore the intensity minimum, the oscillations start with a down-
ward motion. The amplitude of the oscillations is approximately
1 km s−1. The corresponding wavelet power spectrum indicates
that the power of the oscillations is mostly concentrated in the
range of 3 to 6 min, and the dominant period of the oscillations is
4.2 min. In the Hα line, the amplitude of the oscillations is about
5 km s−1, and the power is concentrated in a similar range but in-
Article number, page 5 of 11
A&A proofs: manuscript no. ms
cludes more short-period components than that of the Ti ii line.
The dominant period of the Hα velocity oscillations is 3.8 min.
We calculated the wavelet coherency and phase difference of
the velocities measured at two different layers. The coherency
becomes higher when the granule is sufficiently darkened (t ∼
10 min), especially in the 4 to 6 min period range. In the case of
3 to 4.5 min period waves, the phase differences are at approxi-
mately 0.35–0.5 rad, which indicates an upward propagation of
the waves. In the longer period regime (> 4.5 min), the phase
differences are close to zero or have negative values. This indi-
cates downward propagating waves. It is considered to be a natu-
ral consequence since the longer period waves, which are longer
than the cutoff period, cannot go through the chromosphere.
3.3. Wave propagation and influence on the higher
atmosphere
During event 1, upward wave energy flux is enhanced during
the photospheric and chromospheric velocity oscillations (see
Fig. 9). We measured the wave energy flux integrated over the
periods from 2 to 4 min (3 min band) in the photospheric layer.
The upward wave energy flux is conspicuous above the gran-
ule that underwent darkening. The spatial size of the flux patch
is larger than that of the granule. Next to the wave energy flux
patch that we are interested in, there is another wave energy flux
enhancement that is even larger and located in the intergranu-
lar lanes. It represents another wave excitation event related to
converging flows that cause some granules to submerge. The
lower figure shows the temporal variation of the wave energy
flux at the selected position in Fig. 5. The flux is on the order of
106 erg s−1 cm−2 and the peak value is 9.6 × 106 erg s−1 cm−2 at
t = 15.4 min.
At this point, we compare our acoustic events and regular
acoustic waves (p-mode oscillations). The oscillations during the
time interval t = 30 to 40 min (see Fig. 8) are identified with
the regular acoustic waves. The velocity oscillations during this
time interval have smaller amplitudes in both the Hα and Ti ii
vertical velocity plots and have the phase differences that are
close to zero or negative values, meaning that they are standing
waves or downward propagating waves. As expected, the wave
energy flux is close to zero (see Fig. 9). Therefore, regular acous-
tic waves cannot transfer energy upward and are distinct from the
waves excited by rapidly changing granules.
After the granule darkens (t = 13.6 min), repetitive brighten-
ings are identified in the Ca ii–0.5 Å raster images (see Fig. 10).
The brightenings occurred at t = 15 and 19 min, and the time
interval (∼4 min) is close to the dominant period of the chro-
mospheric oscillations that were inferred from the Hα line. The
brightenings are more prominent above the intergranular lanes.
The right panel of Fig. 10 shows the wavelength-time (λ − t)
plot of the Ca ii 8542 Å line acquired above the brightenings.
The collapsing granule event occurred at t = 13.6 min, and two
brightenings can be identified at t = 15 and 19 min. The duration
of each brightening is about 2 min. The temporal behavior of the
brightenings is consistent with previous studies of Ca ii bright
grains (Cram & Dame 1983; Kamio & Kurokawa 2006). In ad-
dition, we can clearly see the sawtooth pattern, which is known
as the manifestation of shock waves.
4. Discussion
We have reported the excitation of waves above dynamically
changing granules in the internetwork region of the quiet Sun.
Three dynamically changing granules that collapse (event 1),
fragment (event 2), or submerge (event 3) are studied in de-
tail. Above these granules, spatially localized and transient ve-
locity oscillations are detected in the photospheric and chromo-
spheric layers. In the case of event 1, the dominant periods of
the oscillations are 4.2 min and 3.8 min in the photosphere and
chromosphere, respectively. In addition, upward wave energy
flux of up to 9.6 × 106 erg s−1 cm−2 is found above the granule.
The estimated wave energy flux is more than twice the value of
4 × 106 erg s−1 cm−2 required for the chromospheric heating in
a quiet Sun (Withbroe & Noyes 1977). The upward propagating
waves eventually develop into shocks in the chromosphere. The
shocks are identified as repetitive brightenings in the Ca ii–0.5 Å
images and λ − t plot.
Our results suggest that the dynamic changes of granules
can trigger transient waves above the granules. This is consistent
with the mechanism of acoustic events associated with the dark-
ening of intergranular lanes, which is considered a manifesta-
tion of downflows (Rimmele et al. 1995). Similarly, the dynamic
changes of the granules can lead to downflows. According to
simulation studies, the downflows can be induced by localized
cooling events (Rast 1999) or by the deficiency of energy that
supports the granule (Skartlien et al. 2000). The downflowing
material rapidly descends below the surface of the photosphere,
and when the material reaches a certain depth, it triggers ver-
tical disturbances. Chae & Goode (2015) theoretically demon-
strate that an impulsive disturbance in a gravitationally stratified
medium produces acoustic waves of frequencies close to the cut-
off frequency. The dominant period of the chromospheric oscil-
lations we detected is about 3.8 min, which is slightly longer than
the cutoff period of the internetwork region (∼ 3 min). Neverthe-
less, according to Kayshap et al. (2018), successful propagation
of photospheric 5 min oscillations to the chromosphere happens
at some locations in the internetwork region of the quiet Sun,
which might be the result of the magnetic field inclination. Our
results also indicate that the formation of the Ca ii brightenings
are closely related to the 3 min band photospheric oscillations
generated by the darkening granule event.
Is the new type of excitation event we observed physically
distinct from the acoustic events reported in earlier studies? Our
new-type events seem to show certain differences from the clas-
sic acoustic events. The classic acoustic events are found pre-
dominantly in the intergranular lanes (Rimmele et al. 1995; Bello
González et al. 2010; Malherbe et al. 2012). In our data, we also
identified one classic acoustic event located in the intergranular
lanes. Its physical properties and the time series are given in Ap-
pendix B. However, our new-type events are not limited to the
intergranular lanes. Rather, wave excitations initially occurred
in the middle of the granules, where they began to collapse (see
Fig. 5), fragment (see Fig. 6), or submerge (see Fig. 7). Further-
more, the spatial extent of the excitation is much larger than that
of the classic acoustic events.
Despite these differences, the new-type events do not seem
to be physically distinct from the classic acoustic events. Dark-
enings and intense downflows characterize both types of events.
In the case of the classic acoustic events, Rimmele et al. (1995)
reported that intergranular lanes become darker several minutes
before the excitation of waves. They suggested that the dark-
ening reflects localized cooling that occurs in the intergranular
lanes and that it is accompanied by downflows. Simulations by
Skartlien et al. (2000) showed that the vanishing of small gran-
ules accompanies downflows and initiates acoustic waves. They
noted that these collapsing granules are located at the boundaries
of mesogranules, where the upward enthalpy flux is smaller than
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Fig. 6. Same as Fig. 5, but for event 2.
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Fig. 7. Same as Fig. 5, but for event 3.
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Fig. 8. Left: temporal variations of the Hα vertical velocity (a), Ti ii vertical velocity (b), and TiO intensity (c) at the position marked with a cross
symbol in Fig. 5. Right: wavelet power spectra of Hα vertical velocity (d) and Ti ii vertical velocity (e). The purple contours represent the 95 %
local confidence level. The coherency between the two time series of velocity is shown by contours in (f). The phase differences at the points of
coherency above 0.7 are denoted by the directions of the arrows.
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Fig. 9. TiO image (top left) and photospheric wave energy flux map (top
right) at t = 15.4 min. The contours on the wave energy flux map indi-
cate the granules obtained from the TiO images. The temporal variation
of the wave energy flux (bottom) is acquired at the position marked with
a cross symbol in Fig. 5.
average. These collapsing granules may be the same type as the
rapidly changing granules we observed. We are, therefore, the
first to report the observational detection of the rapidly changing
granules as the source of wave excitation predicted from the nu-
merical experiment of Skartlien et al. (2000). We note that the
same hydrodynamical process can account for both the acoustic
events and the rapidly changing granules (Skartlien et al. 2000).
Both types of events originate from the sudden cooling resulting
from the deficit of upward convective energy flux. The cooling
accounts for darkening, downflows, and the excitation of waves.
In addition, we found that the classic acoustic event and the new-
type acoustic events are similar in physical properties, such as
the dominant period of the oscillations and the wave energy flux.
Since there is no physical difference, our events may be called
acoustic events of a new type, and the previously reported events
called classic acoustic events.
There is also the possibility that the two types of acoustic
events may not form two distinct groups from the observational
point of view. It is likely that some if not all photospheric darken-
ing events or acoustic events reported in earlier studies (Rimmele
et al. 1995; Cadavid et al. 2003) were in fact acoustic events of
a new type. We find more dynamically changing granules in our
data, and a follow-up study will explore their statical properties
and relationship with the classic acoustic events.
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Fig. A.1. Animation sequence of the TiO images (top left), Hα–4 Å
raster images (bottom left), and the Ti ii and Hα vertical velocity maps
(top and bottom right, respectively). The contours on the Hα–4 Å raster
images and the vertical velocity maps indicate the granules obtained
from the TiO images. The animation shows the time series of event 1,
including the collapse of the granule and the wave excitation.
Appendix B: Classic acoustic event
Figure B.1 shows the time series of the photospheric and the
Doppler maps of a classic acoustic event. At t = 6.6 min, a dark-
ening of intergranular lanes is identified in the photospheric im-
ages. It is obvious in the Hα–4 Å raster image. At the same time,
an oscillation pattern starts with a downward velocity patch in
the Ti ii and Hα vertical velocity maps, and the pattern lasts
about 10 min. Since the oscillation pattern is confined to the
intergranular lanes, the spatial size of the oscillation pattern is
smaller than that of the new-type acoustic events reported here.
The dominant periods of the oscillation are 4 min at the pho-
tospheric level and 3.9 min at the chromospheric level. The
wave energy flux above the intergranular lanes is on the order of
106 erg s−1 cm−2. The maximum value is 3.6 × 106 erg s−1 cm−2.
Appendix C: Noise model
Figure C.1 shows the Fourier power spectra and noise models for
the Hα and Ti ii data. The models consist of a power law and a
Gaussian term. We note that the white noise term is negligible in
both cases. Using this information, we calculated the 95 % local
confidence level for both data (see Fig. 8 (d) and (e)). The results
clearly show that the identified waves generated by event 1 have
wavelet power that exceeds the 95 % local confidence level in
both lines.
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Fig. B.1. Same as Fig. 5, but for a classic acoustic event. The yellow arrows indicate the position where the classic acoustic event occurred above
the intergranular lanes.
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Fig. C.1. Fourier power spectra and noise models for the Hα (upper panel) and Ti ii (lower panel) data. In each panel, the solid black line represents
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